Abstract: Rubisco small subunits (RBCS) are encoded by a nuclear rbcS multigene family in higher plants and green algae. However, owing to the lack of rbcS sequences in lycophytes, the characteristics of rbcS genes in lycophytes is unclear. Recently, the complete genome sequence of the lycophyte Selaginella moellendorffii provided the first insight into the rbcS gene family in lycophytes. To understand further the characteristics of rbcS genes in other Selaginella, the full length of rbcS genes (rbcS1 and rbcS2) from two other Selaginella species were isolated. Both rbcS1 and rbcS2 genes shared more than 97% identity among three Selaginella species. RBCS proteins from Selaginella contained the Pfam RBCS domain F00101, which was a major domain of other plant RBCS proteins. To explore the evolution of the rbcS gene family across Selaginella and other plants, we identified and performed comparative analysis of the rbcS gene family among 16 model plants based on a genome-wide analysis. The results showed that (i) two rbcS genes were obtained in Selaginella, which is the second fewest number of rbcS genes among the 16 representative plants; (ii) an expansion of rbcS genes occurred in the moss Physcomitrella patens; (iii) only RBCS proteins from angiosperms contained the Pfam PF12338 domains, and (iv) a pattern of concerted evolution existed in the rbcS gene family. Our study provides new insights into the evolution of the rbcS gene family in Selaginella and other plants.
INTRODUCTION
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco; EC 4.1.1.39) is a stromal protein that catalyzes two competing reactions, photosynthetic CO 2 fixation and photorespiratory carbon oxidation (Andersson and Backlund, 2008) .
Since Rubisco has a relatively lower turnover rate and there is always competition between O 2 and CO 2 at the active site, it is the rate-limiting enzyme of photosynthesis (Andersson and Backlund, 2008) . Therefore, Rubisco is often viewed as a potential target for genetic manipulation to improve crop yields (Mann, 1999) .
In higher plants and green algae, the Rubisco holoenzyme is composed of large (RBCL) and small (RBCS) subunits encoded respectively by the unique chloroplastic rbcL gene and the nuclear rbcS multigene family (Dean et al., 1989) . Although small subunits do not contain the active sites for catalytic activity, they play an important role in holoenzyme assembly, stability, and influence Rubisco catalytic efficiency and specificity (Spreitzer, 2003) . The number of rbcS gene family members ranges from two genes in Chlamydomonas to twenty-two or more in wheat (Spreitzer, 2003) . These copies are distributed at one or more loci, and individual gene copies are generally arranged in a tandem array at a locus. Previous studies have shown that members of the rbcS gene family in one plant are generally more similar to each other than to members of a family in a different species. In other words, the physically adjacent rbcS genes within a species show the highest similarity, followed by rbcS genes at different loci within a species, and then by rbcS genes between species, which are the most diverged (Clegg et al., 1997) .
Lycophytes belong to an ancient lineage of vascular plants that diverged from the seed plant lineage immediately after plants colonized terrestrial environments (Banks, 2009 ). However, little is known of the characteristics of rbcS genes in lycophytes due to lacking data of rbcS sequences. Recently, the genome of Selaginella moellendorffii has been sequenced (Banks et al., 2011) . It offers an opportunity to extend our understanding of the rbcS gene family into lycophytes. With S. moellendorffii genome sequences, rbcS genes have been identified from two other Selaginella species by PCR approaches. The sequence features of rbcS genes, the phylogenetic relationship, and comparison with a phylogenetic tree of the chloroplastic rbcL gene are also discussed in this study. To date, more and more plant genomes have been fully sequenced, and their genomic sequences and annotation are publicly available. These facilitate comparative genomic studies of plants, making it possible to address major plant biology questions in silico. Thus, we have performed comparative analysis of the rbcS multigene family in 16 sequenced plant and algal genomes, to define the number of rbcS gene homologs across these genomes, and to investigate the evolution of the rbcS gene family. The conserved domains and the phylogeny of the rbcS gene family across different genomes are also studied.
MATERIALS AND METHODS

Plant materials and genomic DNA isolation
Young leaves of Selaginella doederleinii and S. involvens were collected from Wuhan Botanical Garden, Chinese Academy of Sciences. Total DNA was isolated using the DNA Extraction Kit (Tiangen).
Cloning and sequencing of full-length rbcS genes from Selaginella
The rbcS gene of the fern Pteris vittata was exploited as a query to identify rbcS genes in the S. moellendorffii genome using BLAST search. A series of primers was designed based on upstream and downstream sequences of rbcS genes in S. moellendorffii. The rbcS genes of two other Selaginella were amplified by PCR. All primers used are listed in Table 1 . The PCR reaction was conducted in a total volume of 50 μL mixture containing 31.5 μL of dd H 2 O, 8.0 μL of 2.5 mM dNTP mixture, 5.0 μL of Ex Taq buffer (Takara), 2.5 U Ex Taq (Takara), 0.4 μM of each primer, and 1.0 μL of template DNA (50 ng/μL). A typical PCR amplification included an initial denaturation (5 min, 94°C) followed by 35 cycles with a 1 min denature at 94°C, 1 min annealing at 55°C, 2.5 min synthesis at 72°C, and a final synthesis step for 10 min at 72°C. Products were visualized on an ethidium bromide-stained agarose gel. Three amplified products were recovered using the DNA rapid purification kit (Axygen). The purified PCR products were ligated into PCR2.1 vector (Invitrogen) and then used to transform competent E. coli cells DH-5α for sequencing.
Sequence analysis
The BioEdit software was used to analyze the DNA and protein sequences, including GC contents and amino acid composition. Based on the annotation of SmrbcS1 and SmrbcS2 in GenBank, the prediction of the protein was analyzed by the Fgenesh gene-finder (Solovyev et al., 2006) . Multiple protein sequence alignments were calculated by Muscle, and an alignment plot was created by Espript 3.0 (Robert and Gouet, 2014) .
Phylogenetic analysis
The sequences of rbcS1 and rbcS2 genes from S. doederleinii and S. involvens were submitted to GenBank (accession number KM396421 to KM396424). In addition to sequences from Selaginella, sequences used for comparison and phylogenetic analysis were downloaded from GenBank. The species names and accession numbers are listed in Table 2 . The LG + I + G model was selected as the best substitution model for RBCS protein phylogenetic analysis by ProtTest 2.4 (Abascal et al., 2005) . The RBCS phylogenetic tree was constructed by PhyML 3.1 (Guindon et al., 2010) under the maximum likelihood method with 100 bootstraps. In order to make a comparison with an RBCS phylogenetic tree, we also constructed the phylogenetic tree based on the chloroplastic rbcL gene. 3) and AT5G38410.1 is the primary transcript. We counted them as one single gene, and only the primary transcript were included in our phylogenetic analyses.
Analysis of the evolution of rbcS gene family in
BLAST search
We downloaded known RBCS protein sequences from UniProt (Consortium, 2012) . We took this dataset as the initial query to search against the proteome sequences of these plant genomes. 
HMMER search
HMMER search was widely applied for identification of homologs of the protein family of interest (Eddy, 2009 ). There are two Pfam (Punta et al., 2012) domain models for the RBCS proteins, PF12338 (RbcS) and PF00101 (RuBisCO_small), both of which were searched in our analyses. We performed HMMER search (Eddy, 1998) using the Pfam profile PF12338 and PF00101 against the annotated protein sequences of the 16 genomes and refined the results manually to obtain RBCS proteins.
Intersection of search results
We used E-value 1.0 as the cutoff in BLASTP and HMMER search searches, and kept only the hits returned by both searches. As a result, the final hits should be similar to the query rbcS genes in the pairwise sequence comparison and contain either of the two conserved Pfam domains. Through this method, all known RBCS proteins were successfully retrieved and no false positives were found.
Phylogenetic analysis
Multiple sequence alignments (MSAs) of the fulllength protein sequences were performed by the MAFFT program (Katoh et al., 2005) The maximum likelihood (ML) phylogenetic tree was constructed using PhyML 3.1 (Guindon et al., 2010 ) under the JTT model with 100 replicates of bootstrap analysis, estimated proportion of invariable sites, four rate categories, estimated gamma distribution parameter, and optimized starting BIONJ tree (Gascuel, 1997) . The phylogenetic tree was visualized using the program Figtree (http://tree.bio.ed.ac.uk/software/ figtree). 
RESULTS AND DISCUSSION
Cloning and characterization of full length of rbcS genes from Selaginella
To obtain rbcS sequences of S. moellendorffii, we performed a BLAST search using the rbcS gene of the fern Pteris vittata against S. moellendorffii genome sequences. Two rbcS genes were identified in the S. moellendorffii genome, named as SmrbcS1 and SmrbcS2. In order to understand the characteristics of rbcS genes in other Selaginella, we isolated rbcS gene sequences from two other Selaginella: S. doederleinii and S. involvens. Two pairs of the primers for PCR were designed based on SmrbcS1 and SmrbcS2 sequences. The rbcS1 and rbcS2 genes from Selaginella species were amplified by PCR and rbcS1 and rbcS2 fragments were obtained in S. doederleinii and S. involvens, respectively ( Fig. 1) , covering the full lengths of rbcS1 and rbcS2 genes, when compared to corresponding regions from SmrbcS1 and SmrbcS2.
Nucleotide sequence analyses indicated that their guanine-cytosine (GC) contents were 52.55-52.90% for rbcS1 and 48.25-48.69% for rbcS2, respectively (Table 3 ). The rbcS1 and rbcS2 genes from three Selaginella species shared more than 98% and 97% identity, respectively (Table 3) .
Amino acid analysis of RBCS proteins in Selaginella
Using SmrbcS1 and SmrbcS2 as a reference, the nucleotides of rbcS genes from other Selaginella were analyzed by the Fgenesh gene-finder to deduce the amino acid sequences of proteins. The lengths of predicted RBCS proteins were 160-178 amino acids (Table 3) . With S. moellendorffii as a reference, both RBCS1 and RBCS2 proteins showed above 97% identity among three Selaginella species. Taking S. moellendorffii as an example, SdRBCS1 and SdRBCS2 proteins comprised 178 and 160 amino acids, respectively. The amino acid composition analysis showed that Ala was the most abundant amino acid residue in both SdRBCS1 and SdRBCS2, with frequencies of 5.00% and 7.87%, respectively. Fig. 2 shows an alignment of amino acid sequences including six RBCS sequences from Selaginella, one from Marchantia paleacea, one from Physcomitrella patens, one from Pteris vittata, one from Larix laricina, and four from Arabidopsis thaliana. RBCS1 proteins showed more similarity among themselves than RBCS2 proteins. The polypeptide chain of RBCS was folded into six major domains, α-helix A, B, and β-strands A to D (Spreitzer, 2003) (Fig. 2) . These domains all existed in each of the six RBCS proteins of Selaginella, and they showed higher sequence similarity among plants.
Sequences comparison with other plant RBCS proteins
Phylogenetic relationships of RBCS proteins and comparison with the rbcL phylogenetic tree
RBCS protein sequences have been reported from divergent species across the plant kingdom. To clarify the evolutionary relationships of the rbcS gene family in plants, we performed a phylogenetic analysis using the RBCS protein sequences of three Selaginella species along with another 38 RBCS protein sequences, representing RBCS proteins from 14 diverse species including the angiosperms, gymnosperms, ferns, mosses, liverworts and algae (Fig. 3) .
Although several bootstrap values were low, a distinct evolution of RBCS along with the hierarchy of plant taxon from algae to higher plants was apparent (Fig. 3A) . Within land plants, gymnosperms and angiosperms were monophyletic with high bootstrap support. Gymnosperms, which include Larix laricina and Pinus thunbergii, were a sister group of angiosperms. Among angiosperms, monocot and dicot failed to form two distinct groups. The monocot Fritillaria agrestis was the basal clade in angiosperms, while another two monocots, Oryza sativa and Zea mays, were grouped together with the dicot Solanum lycopersicum. In angiosperms, the RBCS proteins formed species-specific paralogous clusters, indicating that rbcS genes had extensively evolved since these species diverged. Spreitzer (2003) also reported that all members of a plant rbcS gene family were generally more similar to each other than to members of a family in a different species, resulting in only a few amino acid differences in the small subunits within a family; various mechanisms of gene conversion that maintain the genes nearly identical have been proposed (Clegg et al., 1997; Heinhorst et al., 2002) . The ferns, lycophytes, mosses, liverworts and algae constituted the basal branch of the phylogenetic tree, but their branching order failed to correspond to the organismal phylogeny (Fig. 3A) .
In accordance with the sequence alignment, RBCS1 and RBCS2 formed distinct groups in Selaginella. Three Selaginella RBCS1 were clustered together and three Selaginella RBCS2 were clustered. Both rbcS genes formed orthologous clusters, suggesting that rbcS1 and rbcS2 genes were present before these Selaginella species diverged. Although three Selaginella RBCS2 were grouped together with the moss Marchantia paleacea, the bootstrap value was quite low.
Besides the phylogenetic tree of rbcS genes, we also constructed a phylogenetic tree based on the multiple sequence alignments of the chloroplastic rbcL gene (Fig. 3B) . When comparing rbcS and rbcL phylogenetic trees, the topologies were largely congruent. As in the rbcS phylogenetic tree, the basal branch of the rbcL phylogenetic tree, from algae to ferns, was still inconsistent with the organismal phylogeny. Among the clade of seed plants, there were two major differences between rbcS and rbcL phylogenetic trees. First, the gymnosperms Larix laricina and Pinus thunbergii were clustered together in the RBCS phylogenetic tree, while Pinus thunbergii was grouped with Physcomitrella patens in the rbcL phylogenetic tree. Second, the other major difference was the relationship between monocots and dicots. Dicots were the sister to the clade of monocots in the rbcL phylogenetic tree, while they did not completely separate in the rbcS phylogenetic tree.
Evolution of rbcS gene family in model plants based on genome-wide analysis
Plants and green algae have multiple nuclearencoded rbcS genes, ranging from as many as 22 or more in wheat to as few as 2 in the green alga Chlamydomonas reinhardtii (Dean et al., 1989; Spreitzer, 2003) . In order to identify all putative RBCS proteins in model plant genomes and explore the evolution of the rbcS gene family, we performed BLASTP and HMMER search against the complete genome or genome assemblies of the eudicots Manihot esculenta, Populus trichocarpa, Glycine max, Malus domestica, Arabidopsis thaliana, Arabidopsis lyrata, Carica papaya and Vitis vinifera, the monocots Sorghum bicolor, Zea mays, Oryza sativa and Brachypodium distachyon, the lycophyte Selaginella moellendorffii, the moss Physcomitrella patens, and the algae Chlamydomonas reinhardtii and Volvox carteri, respectively. BLASTP and HMMER search results showed that 96 RBCS proteins existed in various green plants from unicellular green algae to angiosperms (Table 4) .
We identified two and seven RBCS proteins in algae Chlamydomonas reinhardtii and Volvox carteri, respectively. Our data showed that the To obtain protein domain information, we searched these RBCS proteins from model plants against the Pfam database. The results showed that there were two kinds of protein domains for all RBCS proteins, the Pfam PF00101 domain (99 aa) and the Pfam PF12338 domain (45 aa). We found that only 37 of the 96 predicted proteins contain both the Pfam PF12338 domain and the PF00101 domain, but 3 and 56 RBCS proteins only include the PF12338 domain and the PF00101 domain, respectively (Table 4) . As only angiosperms contained the domain (PF12338) ( Table 4 , Fig. 4) , we concluded that the PF12338 domain of rbcS genes appeared in the seed plant lineage after the divergence of lycophytes but before the divergence of monocots and dicots.
We also searched the six RBCS proteins from three Selaginella in this study against the Pfam database. The results indicated that all RBCS proteins from three Selaginella contained the Pfam F00101 domain, which was a typical protein domain for Rubisco small subunits. We constructed a phylogenetic tree using the RBCS proteins of 16 representative plants to unveil the evolutionary relationships among plant RBCS proteins (Fig. 4) . The tree topology and the corresponding phylogenetic relationships also indicated that proteins from the same species clustered together with high support values. This indicated that concerted evolution existed in the rbcS gene family. Previous studies have shown a pattern of concerted evolution among the three rbcS genes in Solanaceae, where paralogs (genes related by duplication) are more similar than orthologs (genes relate d by speciation). Concerted evolution is the non-independent evolution of gene copies in a multigene family that can homogenize members and prevent the acquisition of new functions.
